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Abstract 
The modification of a-Si:H via non-linear femtosecond laser pulse absorption was studied and the characteristic thresholds for 
hydrogen diffusion/effusion, crystallization and material ablation were determined. To consider the impact of the hydrogen 
content on laser materials processing, a-Si:H was deposited at different temperatures (25°C, 200°C, 520°C) resulting in different
hydrogen contents (30%,  13%, and <1%). Essential information for device applications such as the degree of crystallization and
the Si-H dissociation are obtained from micro-Raman spectroscopy of the laser treated areas. The prospects of a flexible non-
linear fs laser material processing of a-Si:H for bulk and surface modification will be discussed. 
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1. Introduction 
Laser crystallization of a-Si:H for solar cell application and large area thin-film electronics was successfully 
demonstrated in the last years [1-4]. For this purpose the applied laser pulse duration at different wavelengths was 
varied from femtoseconds up to continuous wave (CW). Since the thermally introduced effects reduce with shorter 
pulse duration, femtosecond (fs) laser materials processing enables new applications in the field of a-Si:H [5-7]. We 
have investigated the fs laser-induced material modification of a-Si:H deposited by plasma enhanced chemical vapor 
deposition (PECVD). a-Si:H films with different hydrogen content (30%, 13%, and <1%) deposited at different 
temperatures (25°C, 200°C and 520°C) were studied to investigate the influence of the hydrogen content on the laser 
materials processing. Special attention was paid to modifications in thin surface layers and deeper inside the bulk by 
performing micro-Raman spectroscopy at different excitations wavelength. An amplified Titanium Sapphire laser 
with an almost Gaussian shaped profile, a center wavelength of 790 nm and pulse duration of 30 fs is used for 
material modification. Peak fluences specified in the following always correspond to the local fluence in the center 
of the focus. Nonlinear absorption of the femtosecond laser pulses leads to an effective absorption of the incident 
light pulse although light at this wavelength is only weakly absorbed in a-Si:H by a linear absorption process [8, 9]. 
For device applications information concerning the degree of crystallization and the Si-H dissociation are 
important. To investigate the material properties of laser treated areas in more detail for fluences below the ablation 
threshold, micro-Raman spectroscopy was carried out and will be discussed in the following. 
2. Experiment 
 a-Si:H layers with a thickness  >290 nm have been used for laser modification experiments. Single 30 fs long 
laser pulses of an amplified Titanium Sapphire laser (1 kHz repetition rate, 790 nm center wavelength) are 
attenuated and focused to an e-2-spot width of 420 μm for irradiation experiments. The peak fluence was varied 
between 20 mJcm-2 to 120 mJcm-2. The single shot modified areas were characterized by optical microscopy, step 
height profilometry, imaging ellipsometry at 658 nm, scanning electron microscopy (SEM), and micro-Raman 
spectroscopy. The spot diameter of the Raman laser is in the range of 1 to 2 μm. This allows recording of spatial 
resolved Raman signals from single laser pulse modified region by scanning the focus. The measured intensity 
profile of the focus in combination with microscopy allows analyzing the fluence dependence of the material 
modification by recording spatially resolved signals across individual spots. Qualitative depth information of the 
material modification is obtained from micro-Raman spectroscopy using different excitation wavelengths (473 nm 
and 633 nm) with different penetration depth profiles. Beside the evaluated crystalline fraction from spectroscopic 
measurements the Raman signals associated to Si-H vibrational modes (2000-2100 cm-1 Stokes shift) are used for 
the characterization of the hydrogen content.  
3. Results and discussion 
Due to the non-linear absorption process the application of fs laser pulses is a well-established approach for 
material ablation [10]. The ablation behavior of a-Si:H deposited at different temperature is summarized in Fig. 1. 
The laser treated areas were characterized by optical microscopy (Fig. 1.a) and step height profilometry (Fig. 1.b). 
With increasing hydrogen content of the film, the material ablation threshold shifts to smaller peak fluences. The 
layer deposited at room temperature exhibits material ablation for a peak fluence above 40 mJcm-2. For higher peak 
fluences (50 mJcm-2 - 75 mJcm-2), the created holes have a depth of 50 nm only. Samples with a medium H-
concentration (deposition at 200°C) show surface swelling for laser material processing with 53 mJcm-2 peak 
fluence; for higher fluences (> 60 mJcm-2) material ablation sets in. The ablation threshold of a-Si:H films with a 
low hydrogen concentration occurs at even higher laser fluence. A peak fluence of about 90 mJcm-2 is required for 
the onset of material removal, i.e. at a twice as high peak fluence compared to an a-Si:H layer with high hydrogen 
concentration. For peak fluences up to 115 mJcm-2 holes with a depth of around 25 nm are created. These 
observations indicate that the ablation threshold is mainly influenced by the hydrogen concentration.  
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Fig. 1. Optical microscopy images (a) and corresponding step height profiles (b) of single fs laser pulse processed a-Si:H films. From top to 
bottom the a-Si:H films are deposited with increasing temperature resulting in a decreasing H-content. 
Fig. 2. Crystalline fraction (lines with open circles) and normalized Si-H stretching mode Raman yield (lines) as function of the position (a) and 
as function of the local incident fluence (b) of an a-Si:H film (hydrogen content = 13%, film thickness = 305 nm) locally modified by a single fs 
laser pulse with a peak fluence of 53 mJcm-2.  Since the line-scan is performed through the modified spot area, the graphs showing the data (e.g. 
hydrogen content, crystallization) as function of the fluence contain always two data sets.  
To investigate the material properties in more detail, micro-Raman spectroscopy was carried out. Fig. 2 shows 
the Raman crystallinity (lines with open circles) and the normalized hydrogen content (lines) as a function of the 
local position (a) and the fluence (b) of an a-Si:H film (hydrogen content = 13%) modified by a single fs laser pulse 
of 53 mJcm-2. At the center of the laser spot (position = 0), i.e. for the peak fluence, a maximum of the crystalline 
volume fraction and a minimum of the Si-H content is observed (Fig. 2.a). Whereas the crystallinity retrieved from 
micro-Raman spectroscopy performed at 473 nm und 633 nm excitation wavelengths agrees well for distances of 
more than 50 μm from the laser spot center clear differences between both signals are obvious in the spot center. 
Depending on the excitation wavelength used, a Raman crystallinity of 70% and 30% is determined. Due to the 
different penetration depth Raman signals for excitation at 472 nm probe predominately the surface region whereas 
for excitation at 633 nm the signal originates from the whole layer. Based on the different Raman crystallinity 
obtained for different excitation wavelength we conclude that fs-laser material processing at fluences above 
50 mJcm-2 induces the crystallization of a relatively thin surface layer. This indicates a strong non-linear absorption 
of the fs laser pulse, since a-Si:H has a low absorption coefficient at the center wavelength of the laser pulse at 
790 nm. A linear absorption process would deposit energy throughout the whole layer rather homogeneously and 
cannot explain the crystallization of a thin layer.  
The normalized yield of the measured Si-H stretching mode (ratio of the local yield divided by the yield 
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measured at an untreated area) significantly decreases at the surface by around 75% (473 nm Raman excitation 
wavelength) and in the bulk of the layer by 50% (633 nm Raman excitation wavelength). From the known intensity 
profile of the fs laser beam each locally determined value for crystallinity and Si-H mode yield can be related to the 
local laser fluence. Hence Si-H mode yield and the Raman crystallinity can be determined as a function of the local 
incident laser fluence (Fig. 2.b), reveals that the threshold fluence for Si-H dissociation and crystallization is about 
40 mJcm-2 and 50 mJcm-2, respectively. Thus, before the crystallization process starts the concentration of Si-H 
bonds is already significantly reduced. Note that for this threshold fluence the surface topography of the sample is 
not yet modified and thus the Raman yield is unaffected by a varying scattering efficiency and thus is a direct 
measure of the concentration. At this point it has to be mentioned that the microstructure factor (ratio of the 
vibration mode at 2000 cm-1 divided by the sum of 2000 cm-1 and 2100 cm-1) remains nearly constant within the 
whole line scan. Similar threshold fluences are observed for material processing spots created with varying peak 
fluence indicating that lateral heat diffusion does not affect the material processing for the present excitation 
conditions.  
Fig. 3. Crystallinity (lines with open circles) and normalized Si-H stretching mode Raman yield (lines) as function of the position along a cross 
section through the center of a fs laser modified spot (a) and as a function of the fluence (b) of a-Si:H deposited at 520°C (hydrogen content < 
1%, 490 nm layer thickness) processed by a single shot fs laser pulse with 81 mJcm-2 peak fluence. 
Fig. 3 shows the crystallinity of a sample with a low hydrogen content (<1%) processed by a single fs laser pulse 
of 81 mJcm-2 peak fluence. Caused by the higher peak fluence in comparison to the standard a-Si:H sample 
(Fig. 2.a), the on-set of crystallization appears at larger separation from the focus center (Fig. 3.a). In the focus 
center a crystallinity of around 75% and 60% is reached according to Raman spectroscopy performed at 473 nm and 
633 nm excitation, respectively. Note that the crystallization threshold is only slightly increased (Fig. 3.b) compared 
to the a-Si:H film containing 13% H. Again a higher Raman crystallinity is measured for a thin layer at the surface 
in comparison to the bulk, even for highest local fluence. This again indicates that a high local energy deposition 
close to the surface of the a-Si layer is achieved via the non-linear absorption of the fs-laser pulse.  
A further interesting feature shows the measured yield of the Si-H vibrational mode (2000-2100 cm-1 Stokes 
shift) in particular for the signal measured in a thin layer close to the surface, i.e. for excitation at 473 nm. Even 
below the ablation threshold the surface Raman signal increases within the crystallized area by more than a factor of 
two in comparison to an untreated area. The higher yield of the Si-H vibration mode might be attributed to i) in-
diffusion of H2O, ii) chemical surface reactions during laser processing involving hydrogen containing compounds, 
iii) laser induced accumulation of  hydrogen from the film at the surface or iv) variation of the Raman efficiency. To 
investigate this feature in more detail, we performed fs laser materials processing of undoped a-Si:H films deposited 
by e-beam evaporation. For the e-beam evaporated films no enhanced Si-H vibration mode at the surface was found 
and fs laser-induced hydrogen in-diffusion stemming from surface contaminations can be excluded. Therefore, the 
enhanced Si-H signal from a thin layer close to the surface of the fs laser modified PECVD sample originates most 
likely from the bulk hydrogen. Based on the low bulk hydrogen concentration in the film (<1%), the continuous 
decrease of the bulk Si-H Raman signal (red thin dotted line in Fig. 3), and the coincidence of the signal increase 
with the crystallization onset we attribute the enhanced Si-H Raman yield for 473 nm excitation to the trapping of 
hydrogen released from the bulk at the surface of Si layer. Variation of the Raman efficiency because of modified 
scattering at the interface is again excluded since the surface topography is nearly unchanged for the given laser 
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fluence for low hydrogen content a-Si:H. In addition, an enhanced scattering should also affect the weakly absorbed 
radiation at 633 nm. 
Next, fs laser treated thin films of a-Si:H deposited at room temperature were studied. For the a-Si:H layer with 
the highest hydrogen concentration (hydrogen concentration > 30%) material ablation is observed already at a peak 
fluence # 40 mJcm-2. Note that this threshold coincides with the fluence required to dissociate Si-H bonds in 
samples with lower hydrogen content. Below this fluence neither a decrease of the concentration of Si-H bonds nor 
a crystallization of the film is observed. For peak fluences above the ablation threshold (50 mJcm-2 - 75 mJcm-2), the 
created holes have a depth of 50 nm only. A crystallization of a-Si:H at the bottom of the holes is detected for a peak 
fluences above 60 mJcm-2 (Fig. 4). 
Fig. 4. Crystallinity (lines with open circles) and normalized Si-H stretching mode Raman yield (lines) as function of the position along a cross 
section through the center of a fs laser modified spot (a) and as a function of the fluence (b) of a-Si:H deposited at 25°C (hydrogen content = 
30%, layer thickness = 290 nm) processed by a single shot fs laser pulse of 75 mJcm-2.
Considering that a certain material volume is removed caused by irradiation with a 60 mJcm-2 laser pulse also the 
value for the onset of crystallization in the created holes has to be higher in comparison to the samples with a lower 
hydrogen concentration. Hence the comparison of the layers with different hydrogen content shows that the 
thresholds for Si-H dissociation and crystallization do not significantly depend on the hydrogen concentration.  
In comparison to the sample with the lowest H-content (<1%), the H related Raman signal yield from crystallized 
areas behaves totally different. In the area with high crystallinity the Si-H Raman signal at 633 nm increases by 
more than a factor of 4 with respect to the pristine a-Si:H layer (Fig. 4.a), whereas the Si-H Raman signal at 473 nm 
shows the expected behavior, i.e. a reduced Raman yield. As indicated in Fig. 1 the fs laser treatment leads to a 
rough surface. The enhanced Si-H Raman signal can be attributed to i) improved light in-coupling (effective 
medium approximation) and ii) multiple light scattering and enhanced light trapping. A rough interface leads to light 
scattering of the incident Raman excitation light and thus increases or decreases (especially primer reflection at the 
air/Si interface) the Raman efficiency depending on the overlap of the resulting electromagnetic field with the 
Raman active mode distribution. A detailed discussion of light trapping and enhanced Raman scattering at fs laser 
induced nanotextured a-Si:H is given elsewhere [11, 12]. fs laser material processing of amorphous silicon enables a 
nanotexturing of the surface altering the optical properties in a similar way as it is known for black silicon formed 
on crystalline silicon [13-14]. In the present case the weakly absorbed 633 nm Raman excitation wavelength 
exhibits a significantly enhanced Raman efficiency due to multiple light scattering and light trapping [11]. 
The complex behavior of fs laser material processed a-Si:H and the influence of the hydrogen content on the 
material modification can be qualitatively explained in the following model. For low hydrogen content hydrogen is 
mobilized at 40 mJcm-2 incident fluence and crystallization starts at 50 mJcm-2. The Si-H bond dissociation has 
strong influence on the ablation behavior. At medium and high hydrogen concentration the Si-H bond breaking 
destabilizes the layer and ablation occurs likely due to precipitation of mobilized hydrogen in molecular form in 
voids at much lower fluences compared to films with a low hydrogen concentration. Such recombination of 
mobilized H and formation of H2 gas in bubbles at the a-Si:H layer/substrate interface [15] and within the layer 
close to the surface [16] is known to play an important role for the creation of blister, ablation processes, and surface 
texturing applying thermal annealing [15] or ns laser pulses [16], respectively. Therefore, H2 formation in small 
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voids can also significantly affect the fs laser ablation process. The high pressure hydrogen in the voids facilitates 
bubble formation and material ablation, depending on material properties like elasticity and hydrogen content. 
Raman spectroscopy is in principle sensitive to interstitial hydrogen molecules in c-Si [17]. However, Raman 
spectroscopy at the H2 vibrational mode at the shifted 3601 cm-1 mode [17] and at 4157 cm-1 for the a-Si:H layers 
with high and medium hydrogen concentration revealed no significant variation of the hydrogen molecule related 
yield across any fs laser pulse treated area and consequently, no clear evidence of H2 accumulation in the lattice or 
in bubbles is found by Raman spectroscopy. Thus further investigations are necessary to understand the role of 
hydrogen on the ablation process after laser materials processing in more detail.   
5. Conclusions 
Femtosecond laser materials processing of a-Si:H allows to modify the optical and structural properties of thin 
films well below the ablation threshold. The investigations show that the ablation threshold of a-Si:H strongly 
depends on the hydrogen content while the threshold for Si-H dissociation and crystallization is for the used laser 
parameters (30 fs, 790 nm) in the range of 40 mJcm-2 and 50 mJcm-2, respectively. Despite the low absorption 
coefficient of a-Si:H at 790 nm a high local energy density close to the surface of the a-Si layer is achieved via 
nonlinear absorption. Consequently, distinct material modification (Si-H dissociation, crystallization, texturing,...) in 
a thin layer near the surface can be achieved enabling among others the realization of electronic circuits for large 
area electronics and the modification of contact and intermediate layers for solar cell application with improved 
optical properties.  
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